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Abstract
The results of a series of full-scale torsion tests on Rectangular Hollow Sections are presented and discussed.  The observed torque-twist behaviour is compared to that predicted by an extended version of Marshall’s simplified thick wall torsion theory and by finite element analysis, and significant differences are highlighted and examined.  The behaviour predicted by the finite element models is shown to be identical to that predicted by Marshall’s thick wall theory, which forms the basis of the British and European design procedures.  However, even though the experimental measurements agree with the finite element and theoretical predictions in the elastic range, the measurements of torsional capacity are significantly lower than those calculated, and this has important implications for design that may be wider than just torsion of RHS.  A number of potential causes for this behaviour are examined, but it is yet to be fully explained.  Evidence of similar behaviour in previous large-scale testing is highlighted and discussed.  
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1	Introduction
Rectangular Hollow Sections (RHS) are often used to resist twisting action in situations such as space frames, edge beams, grillages, and gantry stanchions because they are inherently more efficient at resisting torsional loads than open sections.  To provide further design guidance for the use of RHS edge beams in slim floor construction, the authors have undertaken a project that examined the behaviour of perforated and unperforated RHS under the actions of torsion and flexure.
The project, which compared the results of full-scale tests with the predictions of established theory and finite element (FE) analysis, found significant anomalies for the case of torsion of unperforated sections, despite close agreement for all other load conditions.  The results of the full-scale laboratory torsion tests suggest that RHS have lower torsional capacities than predicted by the theory currently used as the basis of design.
There is little published literature on the torsion testing of large-scale tubular members, but one important previous study is that of Marshall [1], upon whose equations the British and European design codes are based.  Marshall was concerned primarily with stiffness rather than strength, but close examination of his data has revealed that his experimental work shows a similar deficiency in torsional resistance.  These anomalies indicate that there is an important aspect of either the structural or the material behaviour that is not understood, which has important implications for the design of RHS in torsion.  The authors are therefore presenting this paper to stimulate debate and raise awareness of a potentially serious problem.
The paper begins with a synopsis of simplified elastic thick wall torsion theory (Section 2) and goes on to summarise an extension of the simplified approach to cover the elasto-plastic torque-twist relationship (Section 3).  The results of a series of full-scale torsion tests are compared to the predictions of the extended simplified thick wall theory and FE analysis (Section 4) and it is shown that while extended simplified thick wall theory and FE analysis are in agreement, the experimentally measured torque-twist relationships differ significantly from the theoretical predictions.  A number of potential causes for this behaviour are examined (Sections 5 and 6) and evidence of similar behaviour in previous large-scale testing is highlighted and discussed (Section 7), but it is yet to be fully explained.  

2	Theoretical approximations of the elastic torsional behaviour of RHS










3	Theoretical approximations of the elasto-plastic torsional behaviour of RHS
Marshall [4] was concerned primarily with elastic torsional behaviour, but his expressions for the elastic shear stress on the internal and external surfaces can be used to calculate the relationship between the torque and twist after yielding has begun.  This is achieved by considering the boundary of yielding as it moves inwards through the thickness of the tube and makes use of the fact that the shear strain and the angle of twist are directly proportional despite the yielding of the outer part of the thickness.  The yielded proportion () of the thickness can be calculated from Eqn 7.  
	where						(7)
















The magnitude of the twist (pl) when the plastic torque is reached can be calculated by considering the twist required to cause shear yield at this location (Eqn 14).  
								(14)

Because of the assumption that the stress is uniform through the thickness, thin wall torsion theory is not able to describe the transition from fully elastic to fully plastic behaviour, which is a significant feature of the behaviour of RHS [7].  Thin wall theory incorrectly predicts the range of elastic behaviour and will under-predict the twist for a torque higher than the elastic torsion capacity.  Since the thick wall equations are no more complicated to apply than the thin wall equations, it is recommended that thick wall theory be used in design in the place of thin wall theory for all sizes of RHS.  This is already the case in the UK and Europe as the formulae for the torsional constants quoted in BSEN10210 [11] and BSEN10219 [12] contain thick wall expressions that are the same as Marshall’s approximate formulae.

4	Laboratory torsion testing of RHS at Nottingham University
4.1	Introduction
This section summarises the results of torsion tests on two sizes of RHS conducted at the University of Nottingham [15].  The tests constituted the control group for an experimental study of the torsional behaviour of RHS with circular openings in the web, which formed part of a wider investigation into the fundamental behaviour of perforated RHS under torsion, bending and shear [16].  The project, which was funded by British Steel Tubes and Pipes (now Corus Tubes) and the University of Nottingham, combined laboratory testing and FE modelling in order to develop the basis for a set of design rules for perforated RHS under combined actions [17].  During the initial stages of the project, a number of torsion tests on small-scale cold-formed square section tube were also conducted.  The results of these tests are discussed in Section 7.

4.2	A description of the specimens, apparatus and testing procedure
The specimens tested are listed in Table 1.  Four different hot finished bars were used in the manufacture of the specimens (two section sizes each of two different grades).  The grade S275 RHS were manufactured by British Steel Tubes and Pipes (now Corus Tubes), and the grade S355 RHS were manufactured by Vallourec and Mannesmann Tubes.  Table 1 also includes predictions of the elastic and plastic torques (Tel and Tpl), and the corresponding rotations (el and pl), as calculated using thick wall theory and measured values of the dimensions and material properties.
The torsion testing rig comprised of a fixed reaction beam and a pivoted rotating beam, between which a length of RHS could be caused to twist about its longitudinal axis (Figs 2 and 3).  The torque was created by a matched pair of double acting hydraulic cylinders mounted on the guide columns, and transmitted to the two metre long specimen through bolted connections at both ends.  
The torque was measured by monitoring the shear strain on the outside surface of a circular shaft between the specimen and the rotating beam, which ensured that the measurements were unaffected by friction and the change in the lever arm with rotation.  The shaft was calibrated, prior to the torsion tests, by comparing the output from the shear strain gauges with applied torques of known magnitude (up to 95 kNm).
The rotation was measured at each end of the specimen using gravity inclinometers mounted on the connecting plates, and was therefore unaffected by the stiffness of the testing apparatus and bolted connections.  Three of the torsion specimens were instrumented with electrical resistance strain gauges, and all five specimens were painted with a brittle lime wash to increase the visibility of the Lüders lines.  
The loads applied by the hydraulic jacks were measured by load cells so that the vertical forces could be balanced, and the movement of the end of the rotating beam was measured by a linear potentiometer to help determine appropriate load increments.  This also provided secondary, but less reliable, measurements of torque and rotation.

4.3	Finite element models
The ABAQUS v5.8-1 analysis program [18] was used to obtain the FE results presented in this paper.  The models of the laboratory tests were based on measured dimensions and material properties.  The latter incorporated in a non-linear material model that allowed for the effects of strain hardening.  As this investigation formed part of a wider study of RHS with circular web openings, for which the correct modelling of high strains around the openings was essential, four-noded shell elements (S4R) were used.  These were able to model thickness changes, while the equivalent eight-noded shell elements (S8R) could not.  However, preliminary studies indicated that FE models of unperforated RHS in torsion gave identical results with four-noded shells as with eight-noded shells, provided a sufficient number of the former were used.  The models also included:
	Geometric non-linearity, as this was required for the correct modelling of the torsional displacements.
	The potential for shear buckling of the tube wall.  
	A representation of the connecting plates and hence a degree of warping restraint comparable to that imposed by the testing apparatus.

4.4	A comparison of experimental results, torsion theory and FE predictions
The results of the laboratory tests were compared with the predictions of FE models and thick wall theory and the results are summarised in Table 2.  The full torque rotation relationships are shown in figs 4 to 7, for which the torque and twist are normalised against the thick wall elastic torsional capacities.  The theoretical predictions are based on measured dimensions and measured values of yield stress and Young’s modulus, but unlike the FE models they do not include an allowance for strain hardening or shear buckling of the tube wall.  
The predictions of the FE models were virtually identical to those of thick wall theory.  As is typical for hot-finished steel, the stress-strain curves for all four bars featured a long yield plateau.  This meant that the shear strains were insufficient for significantly strain-hardened stresses to develop and that the FE predictions of torsional capacity were effectively limited to the theoretical plastic torsional capacity.  None of the specimens were susceptible to shear buckling of the tube wall prior to development of the plastic torsional capacity, although the FE model of the grade S355J2H RHS 200x100x8 exhibited slight plastic buckling behaviour. 
In contrast to the agreement between the FE and theoretical predictions, the RHS tested in the laboratory failed to achieve even their predicted elastic torsional capacities.  The maximum torques were some 20% lower than the predicted plastic capacities in the case of the grade S275 specimens, and some 12% lower in the case of the S355 specimens.  Despite the poor agreement with the theory, the two tests of grade S355 RHS 200x100x8 (fig 6) gave similar results indicating good experimental repeatability (less than 1% difference in capacity).  
In the elastic range, the measured stiffnesses (Table 2) and shear strains (Table 3) were within an acceptable tolerance (15%) of those predicted, given the difficulty of obtaining accurate measurements of Young’s modulus with tensile tests.  In the three tests in which strains were measured, the shear strains on the external surface were lower with respect to both the torque and twist.
In all the tests, the visible Lüders lines were almost entirely longitudinal and ran the full length of the specimen, although a small number of transverse lines were visible in some specimens.  Examination of the specimens after the tests revealed similar patterns on the internal surfaces.  The lines, which appeared mainly on the wall faces rather than the corners, were slightly inclined to the axis of the tube, although there was no common pattern to the inclination or curve of the lines.  These patterns, an example of which is shown in Fig 8, were similar to those observed by Marshall (Section 7).

5	Appraisal of experimental results
The experimental method, the measurements, the theoretical predictions and the FE models were thoroughly examined in an attempt to provide an explanation for the differences between the measured behaviour and that predicted by thick wall theory and FE.  The arguments supporting the validity of the experimental results are discussed in detail elsewhere [15,16], but the main points are summarised below.

5.1	Gross measurement error
The possibility that gross measurement error was the cause of the anomalies was thoroughly investigated by the authors, but was ruled out for the following reasons:
1) The measurements of torque, twist and shear strain in the elastic range are reasonable, and if anything, these measurements suggest that the measured torque is higher than the true value.
2) The measurements of torque and twist agreed with the secondary measurements obtained from the load cells and movement of the lever arm.
3) The shear strains measured at all locations on the surface of the circular calibration shaft were equal, and were consistent with theory for magnitudes of torque up to 95 kNm.
4) The lack of hysteresis in the measured torque-rotation relationships indicates that the measurements were not affected by frictional losses.  Furthermore, friction between the rotating beam and the guide columns would not have affected the torque measured on the calibration shaft.
5) Measured torque-rotation relationships for the RHS with large web openings agreed extremely well with the FE predictions [7,15,16].
6) The measuring and logging equipment was checked and was found to be functioning within acceptable tolerances.

5.2	Buckling
The possibility that buckling of the tube walls caused the anomalies was ruled out for the following reasons:
1) Shear buckling occurs when the shear stress in the wall reaches a critical value.  If the torsional capacity were being limited by buckling, the grade S355 specimens would therefore have had similar capacities to the S275 specimens.  In contrast, the S355 specimens achieved torsional capacities that were closer to the corresponding theoretical plastic torsional resistances than the S275 specimens.
2) The shapes of torque-rotation curves for sections that buckle are markedly different from those that do not.  Buckling causes a distinct peak in the curve, which is followed by a decrease in capacity with increasing twist.  In contrast, the measured torque rotation curves are the same shape as the thick wall theory prediction.  Although they failed to achieve the theoretical plastic torsional resistance, the experimental specimens were able to maintain the maximum torque with increasing twist in all cases.
3) The FE models are capable of modelling shear buckling, yet the predicted torque-rotation relationships show no tendency to buckle prior to development of the theoretical plastic torsional resistance.

5.3	Boundary conditions and warping
The support conditions for an RHS in torsion can, potentially, reduce the maximum torque it can resist.  Warping restraint induces warping stresses, while a restriction of longitudinal deformation (length change) induces axial stresses.  Both sets of stresses act in addition to the Saint Venant shear stress with the effect of increasing the maximum Von Mises stress in the section.
Warping restraint is unlikely to be the cause of the anomalous behaviour in the laboratory for the following reasons:
1) According to both theory [19-22] and FE [16], square sections with constant wall thickness do not warp, and are therefore completely unaffected by warping restraint.  However, the square sections showed the same anomalous behaviour as the rectangular sections.
2) According to both theory [19-22] and FE [16], the effect of warping restraint for RHS that do warp is slight, and warping restraint has little effect on the torque-rotation relationship.
3) A degree of warping restraint, comparable to that imposed by the testing rig, was included in the FE models of the laboratory tests.
The rig was designed to allow the specimens to lengthen or shorten with twist so as to prevent the development of axial force with increasing deformation.  The FE models of the tests also included this freedom of axial movement, but FE models of RHS with axial restraint were found to predict identical capacities to FE models without axial restraint.  This is because the changes in length due to deformation are very small.  Furthermore, the strains measured on the surface of the specimens were fully consistent with pure torsional shear, and the elastic response was linear.

5.4	Specimen dimensions and material properties
If incorrect dimensions or material properties had been used in the calculations, then both the FE and theoretical predictions would have been in error and yet remained mutually consistent.  However, this is an unlikely explanation for the anomalies for the following reasons:
1) No single dimension reduces the theoretical elastic and plastic torsional capacities without also affecting the elastic behaviour.  
2) The specimens were re-measured after the tests and the dimensions were found to be correct.
3) The RHS with large web openings, tested during the main part of the project, had the same dimensions as the unperforated sections, yet the measured torque-rotation relationships agreed extremely well with the FE predictions [7,15,16].
Similarly, there is also evidence that suggests that incorrect measurements of material properties are not the cause of the anomalous behaviour:
1) Although Young’s modulus is difficult to measure accurately with tensile tests, it does not influence capacity, unless there is instability.
2) Although the value of Poisson’s ratio used in the analysis (0.3) is an assumed rather than a measured quantity, it does not influence capacity, unless there is instability.
3) The theoretical and FE analyses were based on the assumption that there were no residual stresses.  However, hot-finished steel tubes are normalised after rolling and therefore do not contain residual stresses of the same magnitude as for cold-formed sections.  Furthermore, residual stresses do not normally prevent the ability of a section to achieve the plastic torsional capacity.
The elastic and plastic torsional capacities of an RHS are governed by the shear yield stress of the material.  In the application of thick wall theory above, and in the FE models, the shear yield stress was calculated from the uniaxial yield stress using the von Mises failure criterion.  The uniaxial yield stress therefore influences the theoretical torsional capacities without changing the stiffness, but errors in its measurement are unlikely to be the cause of the anomalous results for the following reasons:
1) At least four tensile tests were conducted on material from each of the four bars, and the measurements of yield stress did not vary sufficiently to be the sole cause of the anomalous results (7% for grade S275 and 1% for grade S355).
2) Additional tensile tests of coupons inclined to the longitudinal axis of the tube, both at Nottingham and (independently) Corus Swinden Technology Centre, did not reveal significant anisotropy in the material behaviour (fig 9).  The results do suggest a slight trend of decreasing yield stress towards the transverse direction, but at less than 5% this is likely to be due to random scatter rather than a genuine feature.  Strain hardening and tensile strength were unaffected by coupon orientation, but the yield plateau was seen to be around 25% longer in the transverse direction.  
3) The RHS with large web openings, tested during the main part of the project, had the same material properties as the unperforated sections, yet the measured torque-rotation relationships agreed extremely well with the FE predictions [15,16].

6	Discussion of alternative shear yield criteria
For metals, the main alternative to the von Mises yield criterion, mentioned above, is the Tresca, or principal shear stress theory, which assumes that the effect of all the shear stresses within the material is proportional to the maximum shear stress.  The Tresca criterion relates the shear yield stress to the uniaxial yield stress by a factor of one half, which results in a shear yield stress that is 13% lower than that calculated by von Mises.  However, experimental work in combined axial load and torsion by investigators such as Lode [23,24], Taylor and Quinney [25], and Hohenemser and Prager [26] have shown that the von Mises failure criterion is particularly successful at modelling the behaviour of structural grade steels (for steel, the experimentally determined ratio of axial to shear yield stress usually lies between 0.55 and 0.60, close to the von Mises value of 0.58).

6.1	Measurement of the shear yield stress
Since knowledge of the actual relationship between the shear yield stress and the uniaxial yield stress of the hot-finished RHS was critical for this research, an attempt was made to determine the ratio experimentally.  When direct measurements are required, the shear yield stress of materials is usually calculated from torsion tests, a method that is clearly inappropriate in this context.  Standard alternatives, such as the Miyauchi shear test [27] and the Marciniak in-plane sheet torsion test [28], require specialist equipment that was not available at the time of the original research.  In order to obtain measurements using the uniaxial testing equipment available, a method was devised [16] by which the shear yield stress could be estimated from strain measurements on a specially shaped coupon (fig 10).  
The results are presented in fig 11.  The shear yield stress was measured in 11 separate tests on material from the same bar as the grade S355 RHS 150x150x6.3 specimen.  In the figure, the measurements are normalised against the shear yield stress as calculated from the measured uniaxial yield stress, and the von Mises criterion.  A line showing the shear yield stress according to the Tresca criterion is also plotted.  More than half (55%) of the shear coupons produced results within 2% of the von Mises value confirming the suitability of the von Mises criterion for calculating the shear yield stress from the tensile yield stress.  Of the remaining coupons, two (representing 18%) indicated a shear yield stresses that was significantly higher (17 and 21%) than the von Mises value and one coupon (representing 9%) indicated a shear yield stress some 6% lower.  

6.2	The role of variation in the shear yield stress
This apparent variability in the shear yield stress is a possible explanation for the anomalous torsion test results since yielding will begin where the shear yield stress is lowest.  To study the effect of variation in shear yield stress, the FE model of the grade S355 RHS 150x150x6.3 specimen was repeated and a randomly selected proportion (approximately 10%) of the elements were given a reduced yield stress (87% of the base value).  Although the torque at onset of non-linearity was reduced by 13%, the section achieved a torque within 3% of the plastic torsional capacity at a rotation equal to the theoretical value of twist at plastic torque (fig 12).  Despite the fact that this and other FE models indicate that small, isolated, patches of low yield stress do not have a strong effect on the overall torsional response, the possibility that variation in the shear yield stress is the cause of the anomalous test results cannot be firmly ruled out.  This is because the shear yield behaviour in the laboratory may be different from the simplified representation in the FE model since shear yield in one area may promote premature shear yield in adjacent areas. 

7	Previous published experimental work
Many of the published experimental studies of the torsional properties of tubes were conducted in the years leading to and during the Second World War on the types of tubes found in aircraft construction.  In one such series of tests, Moore and Paul [29] measured the torsional behaviour of two tubes of rectangular section, but found that some aspects of their behaviour were contrary to their expectations.  The work, coming a few years before Abramyan [2], relied on thin wall theory and with the benefit of thick wall theory the results are easier to explain.  The torque-rotation curves for the two sections are shown in fig 13, which also shows the thick wall theory predictions.  The tubes were manufactured from an aluminium alloy that had a yield stress in compression that was around 20% lower than that in tension.  The theoretical curves are lower bound estimates based on the compressive yield stress. 
In the elastic range, the stiffness of both tubes was within 3% of the theoretical value, but the onset of non-linearity began at around 75% of the theoretical elastic torsional capacity.  This was likely to be caused by stress concentrations at the inside of the tight corner radii, which caused premature yielding but did not prevent the section eventually reaching its plastic torsional capacity.  In fact, due to strain hardening, one of the tubes was able to resist a torque higher than the plastic capacity.  Although it is not shown in the figure, Moore and Paul indicate that buckling limits the resistance of the more slender tube.
The results of Moore and Paul are typical of other published tests of small-scale tubes of rectangular section in agreeing reasonably well with thick wall theory predictions.  Indeed, when the Authors of this paper tested cold-formed steel tubes, of a size similar to the aluminium tubes above, the torque-rotation curves were also close to those predicted by thick wall theory and FE models.  The results of the tests, which are discussed in detail elsewhere [16,30], are summarised in fig 14.  The figure shows the results of six separate tests and an FE prediction, for which the torque and twist are normalised against the thick wall theory elastic torque and twist.  The measurements were in agreement with the predictions of thick wall theory and the FE model, both in terms of elastic stiffness and plastic capacity.  As is typical for cold-formed steel, strain-hardening occurred immediately after yield, and because of this the torque resisted by the specimens continued to increase with increasing twist until collapse occurred by plastic buckling.  The FE model was able to correctly predict this behaviour, although the buckle formed at a lower twist than in the laboratory.
Although previous experimental work showed a broad agreement between the measured and theoretical behaviour of small-scale tubes of rectangular section, there is evidence in previously published results of torsion tests of full size RHS of behaviour similar to that discussed in Section 4.4.  Tests on hot finished RHS, of sizes similar to those in Section 4, were conducted by Marshall [1], who compared the results to the predictions made by his thick wall torsion theory.  Marshall measured shear stresses on the internal and external surfaces of the RHS in addition to torque and twist, and concluded that torsional stiffness and shear stress were adequately predicted by his theoretical expressions.  Marshall also measured the elastic and plastic torsional capacities, but chose to use the Tresca yield criterion rather than the von Mises criterion in his theoretical calculations.  As a result, his theoretical predictions of the torsional capacities were 13% lower than they would have been if he had used the von Mises criterion, which is widely regarded as the more appropriate criterion for such calculations.  When Marshall’s test data was re-examined, the results showed evidence of behaviour similar to that described in Section 4.4.  Marshall’s measurements of the torsional capacities are listed in Table 4, and compared with the theoretical predictions.  The calculations indicate that, although the RHS behaved as predicted in the elastic range, the elastic and plastic capacities were up to 18% lower than the theoretical predictions, and typically at least 10% lower for the larger sections.  

8	Concluding remarks
Simplified thick wall theory has been extended to describe the transition between fully elastic and fully plastic behaviour and has been shown to be consistent with the behaviour predicted by FE models.  However, torsion tests of full size RHS indicated that, although elastic behaviour was consistent with expectations, the measured elastic and plastic torsional capacities were significantly lower than the theoretical and FE predictions.  Furthermore, a reassessment of previously published research has uncovered evidence of similar behaviour in the results of full-scale testing of hot-finished RHS by the author associated with modern simplified thick wall theory (fig 15).  This disparity between the theoretical and measured torsional capacity is sufficiently large to cause concern, as it indicates that current design expressions overestimate the true capacity by around 15%.  Designers need to be aware of these limitations, but since in practice torsion does not usually govern design the consequences of this shortfall in resistance are unlikely to be critical.


















































































































































Table 1. Specimen dimensions and thick wall theory predictions
Section	Grade	Measured dimensions	Thick wall theory predictions
		hbt (ro/ri) {web}(mm)	el(o/m)	pl(o/m)	Tel(kNm)	Tpl(kNm)
RHS 200x100x8	S275J2H	197.599.57.79 (12.5/5.0) {22}	2.14	2.73	48.1	53.7
RHS 150x150x6.3	S275J2H	149.0149.06.09 (11.0/5.0) {21}	1.83	2.17	43.6	47.2
RHS 200x100x8	S355J2H	199.0100.07.93 (12.5/5.0) {22}	2.26	2.90	54.6	61.1
RHS 200x100x8	S355J2H	199.0100.07.93 (12.5/5.0) {22}	2.26	2.90	54.6	61.1





Table 2. A summary of the experimental results
Section	Grade	Stiffness	Maximum torque










Table 3. Experimental measurements of shear strain in the elastic range
Section	Grade	Torsional modulus constant, Ct	Shear strain / twist








Table 4. Elastic and plastic torsional capacities for Marshall’s tests [16]
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